The levels of superoxide dismutase (SOD) activity in extracts of preclimacteric apple, banana, avocado, and tomato fruits were not greatly different than in extracts of postclimacteric fruits. The results indicate that no major quantitative change in SOD occurs in fruits with or preceding the onset of senescence. Tomato fruit SOD was studied in more detail, and was found largely in the soluble fraction, and to a lesser extent in the mitochondrial and plastid fractions. The soluble fraction was purified by ammonium sulfate fractionation, column chromatography, and isoelectric focusing. Isoelectric focusing separated SOD from contaminating peroxidases. The purified tomato SOD showed an apparent molecular weight of 31,500 determined by gel fitration. Polyacrylamide gel electrophoresis of this preparation indicated two SOD components corresponding to two protein bands, one of which stained more intensely than the other. The purified tomato enzyme was inhibited 90% by 1 mM KCN. McCord and Fridovitch (15) showed that the copper protein, erythrocuprein, catalyzed the dismutation of superoxide anion radicals, and they renamed it superoxide dismutase. Superoxide dismutases from many organisms have since been characterized, and evidence has accumulated that dismutation of superoxide radicals is indeed the function of these enzymes (8).
McCord and Fridovitch (15) showed that the copper protein, erythrocuprein, catalyzed the dismutation of superoxide anion radicals, and they renamed it superoxide dismutase. Superoxide dismutases from many organisms have since been characterized, and evidence has accumulated that dismutation of superoxide radicals is indeed the function of these enzymes (8) .
Beauchamp and Fridovitch (4) showed that the superoxide radical reacted with H202 in a model system to produce hydroxyl radical, which then reacted with methional to produce ethylene. Superoxide dismutase (SOD)' inhibited ethylene production by limiting hydroxyl radical formation. Superoxide and hydroxyl radicals are highly reactive and would be expected to react deleteriously with biological macromolecules. Since superoxide dismutase apparently protects the cell against oxygen toxicity (8, 9) , and inhibits ethylene production from methional (4), the present study was conducted to determine properties of the enzyme from fruits, and possible changes in its activity during ripening and senescence. A preliminary report of this work has been published (2) .
MATERIALS AND METHODS Plant Material and Extraction Procedure. Tomato (Lycopersicon esculentum, cv. Rutgers) and apple (Pyrux malus L., Golden Delicious) fruits were grown at the experiment station in Beltsville, Md.; avocado (Persea gratissima, Gaertn.) and banana (Musa sapientum, L.) fruits were from local markets. The fruits were chilled to 4 C prior to extraction. All steps of the extraction and purification procedures except isoelectric focusing were performed in a cold room at 4 C. Pericarp of tomato or ' Abbreviation: SOD: superoxide dismutase. pulp of apple, avocado, or banana was grated through a stainless steel grater into blending medium, and blended in a Waring Blendor at 60% line voltage for 1 min, then at 100% line voltage for 10 sec. The ratio of 1 part tissue to 4 parts buffer (w/v) was used, except for banana tissue, which was blended with 6 parts buffer. The basic extraction medium contained 0.1 M K-phosphate buffer, pH 7.0, 1.0% Tween 80, and 0.1% sodium ascorbate. For apple tissue, the medium also contained 1.0% insoluble PVP because of the high phenolic content of this tissue. For tomato, it was established that only 0.1 M phosphate buffer was necessary. After blending, the homogenate was filtered through four layers of cheesecloth. For isolation of particulate fractions, the procedure of Hobson et al. (10) was used.
Enzyme Purification. Solid ammonium sulfate was added to the extract (144 g/l extract), and the mixture was centrifuged. The precipitate, which included most of the Tween 80, was discarded. Ammonium sulfate was then added to the supernatant (348 g/l), and after centrifugation, the precipitate was dissolved in 0.1 M K-phosphate buffer, pH 7.0. This fraction was dialyzed for 1 day against 0.1 M K-phosphate buffer, pH 7.0, and then passed through a DEAE-cellulose column (2.5 x 10 cm) equilibrated with the same buffer. Superoxide dismutase was present largely in the free passing fraction and was thus separated from pigments and oxidation products of phenolics which were retained by the column. The extract was dialyzed against 0.002 M K-phosphate buffer, pH 7.8, then chromatographed on a DEAE-cellulose column (2.5 x 15 cm) eluting with a linear gradient 0.002 to 0.1 M of K-phosphate, pH 7.8. Fractions with SOD activity were pooled and adjusted to pH 7.0 by dialysis against 0.05 M K-phosphate buffer, pH 7.0. Volume of the pooled fractions in the dialysis bag was reduced by absorption in polyethylene glycol (average mol wt 15,000-20,000) and the sample was then dialyzed overnight against 0.05 M phosphate buffer, pH 7.0, containing 0.10 M NaCl. The dialyzed material was chromatographed on a Sephadex G-200 column (2.5 x 35 cm) with the latter buffer as eluant at a flow rate of 10 ml/hr. Fractions containing SOD were pooled, dialyzed overnight against 1% glycine, and incorporated into 110 ml of a discontinuous sucrose gradient (0-45%) containing LKB2 ampholines (1 %) of a pH range 3 to 6. It was first established that this was the correct pH range by electrofocusing in ampholines of pH range 3 to 10. Isoelectric focusing was carried out in a LBK 8101 column at 300 v for the first 12 hr, and 700 v for the final 36 hr. Coolant at 2 C was circulated through the column during electrofocusing. Fractions (2 ml) were collected, and their pH values were determined at room temperature (25 C). Fractions containing SOD were pooled and dialyzed for 2 days against several changes of 0.05 M K-phosphate buffer, pH 7).
Polyacrylamide Gel Electrophoresis. Electrophoresis of purified tomato SOD was carried out on Pharmacia gradient gel 2The mention of specific instruments, trade names, or manufacturers is made for the purpose of identification and does not imply an endorsement by the U. S. government. slabs using a circulating buffer (pH 8.4) that was 90 mm tris, 80 mm boric acid, and 2 mm EDTA. Electrophoresis was at 125 v until the tracking dye (bromphenol blue) reached the lower end of the gel. Electrophoresis was anodic, since it had been established in isoelectric focusing experiments that no SOD components in tomato extracts were cathodic. The gradient gels were used for convenience of handling. The mol wt of SOD was below the effective range of 50,000 to 2,000,000 daltons of the gradient gels; hence, movement of this enzyme was not stopped by pore size of the gels. The enzyme preparations were layered onto the gels in duplicate samples so that the gels could be cut in half for both protein and enzyme stains. One half was stained in 0.05% Coomassie blue and the other was stained for SOD according to Beauchamp and Fridovitch (5) . Bovine blood SOD, the standard, was a product of Sigma Chemical Co.
Assays. The assay method for and definition of activity unit of SOD were essentially those of McCord and Fridovitch (15) . The assay involved the measurement of Cyt c reduction by superoxide radical generated in the xanthine-xanthine oxidase system at pH 7.8, and of the inhibition of Cyt reduction by SOD. The control rate was adjusted to 0.020 to 0.030 A5A50/min at room temperature, and the unit of activity was that amount of enzyme which inhibited the reaction rate by 50% under these conditions. It was established that the extracts did not inhibit xanthine oxidase itself, by measuring xanthine oxidase activity in the presence and absence of extracts by the method of Fridovitch (7) . Also, SOD activity in tomato extracts at different stages of purification was measured by its inhibition of the autoxidation of epinephrine (16) , as a check on the validity of the xanthinexanthine oxidase-Cyt c method as applied in this study. The results obtained by the two methods were similar. Xanthine oxidase (grade 1), Cyt c (type VI), and xanthine were from Sigma Chemical Co. For assay of certain crude or particulate fractions, CO was introduced into the reaction mixture to inhibit Cyt c oxidase activity (1) . No Cyt c peroxidase activity was detected in the tomato extracts. Xanthine oxidase and Cyt c were purified on Sephadex G-200 and compared with unpurified preparations. There was no evidence of contaminating SOD in the Sigma products. Peroxidase activity was measured by the dianisidine method (17) .
Proteins were precipitated from dialyzed crude extracts with 2 volumes of 10% trichloroacetic acid, and redissolved in 1 N NaOH for protein determination by the method of Lowry et al. (14) . Protein was measured in partially purified preparations by the more sensitive fluorometric method of Bohlen et al. (6) .
Molecular Weight Estimation. Tomato SOD, purified by the procedure outlined, was chromatographed on a Sephadex G-75 Superfine column (2.5 x 35 cm) with Pharmacia calibration proteins, ribonuclease, chymotrypsinogen A, and ovalbumin. The column was equilibrated and eluted with 0.1 M NaCI-0.05 M K-phosphate buffer, pH 6.95, at a flow rate of 15 ml/hr. Elution volume of each standard was determined by UV absorbance at 280 nm, and that of tomato SOD, by enzyme activity. The void volume of the column was determined with blue dextran 2000, and the mol wt was estimated by plotting K5v (12) of the proteins against log mol wt.
RESULTS AND DISCUSSION Superoxide Dismutase Activity in Extracts of Mature and Senescent Fruits. Amounts of extractable SOD activity were not greatly different in extracts of mature and senescent fruits ( Table  I ). The SOD activities in preclimacteric and postclimacteric banana extracts, purified through isoelectric focusing, were about the same. The SOD activity in a partially purified extract of postclimacteric avocado was about 21 % less than in a comparable extract of the preclimacteric fruit. The SOD activity in a partially purified extract of postclimacteric apple was about 25% greater than in a comparable extract of the preclimacteric fruit.
The latter result may indicate a lower recovery of enzyme activity from preclimacteric than from postclimacteric apple. The results for banana, avocado, and apple extracts are tentative, but indicate no large changes in SOD activity with senescence of the fruits. Results similar to those in Table I for SOD activities in mature and senescent tomato extracts were obtained many times, and the conclusion is that SOD activity changes very little during ripening and senescence of this fruit. Subcellular Localization of Tomato Superoxide Dismutase. Superoxide dismutase was present largely in the soluble fractions derived from homogenates of preclimacteric and postclimacteric tomato tissues (Table II) . The level of SOD activity in the 10,OOOg supernatant was not reduced measurably by 1-hr centrifugation at 130,000g. The organelle fractions were collected from the isolation medium of Hobson et al. (10) by centrifugation, suspended in 0.05 M K-phosphate buffer, pH 7, and dialyzed overnight prior to measurement of SOD activity.
Purification and Properties of Tomato Superoxide Dismutase. The basic purification of SOD from mature tomato tissue is summarized in Table III . Isoelectric focusing of the Sephadex G-200 eluate gave the pattern shown in Figure 1 . There was one main SOD activity band which peaked at pH 4.4 to 4.5. Isoelectric focusing separated peroxidase activity from superoxide dismutase activity (Fig. 1) . The peroxidase activity band corresponded to the main peroxidase activity band in less purified tomato extracts (unpublished data). This peroxidase activity was associated with proteins showing absorption spectra of hemoprotein peroxidases (data not presented) and was not the peroxidase activity of SOD reported by Hodgson and Fridovitch (11) . The tomato SOD was not investigated for peroxidase activity, but such activity, if present, was very low compared to the peroxi- dase activity separated from SOD by isoelectric focusing.
Inhibition of Cyt c reduction in the xanthine-xanthine oxidase system by tomato SOD purified by column chromatography. was approximately linear with protein concentration up to 50% inhibition (Fig. 2) . Beyond 50% inhibition, a nonlinear relationship between protein concentration and percentage inhibition was evident. Activity of purified tomato SOD was inhibited 76% by 0.5 mM KCN and 90% by mm KCN. The purified enzyme heated for min was heat-labile with a loss of essentially all activity (data not shown). Superoxide dismutase activity in crude extracts of fruits was not completely heat-labile, and it was not determined if the partial heat-stability was due to scavengers other than the SOD protein.
The mol wt of tomato SOD purified by column chromatography was estimated by gel filtration. The value for tomato SOD was 31,500 daltons, similar to that reported for crystalline spinach SOD (1) . Polyacrylamide gel electrophoresis of the purified enzyme showed two protein bands corresponding to two SOD activity bands in zymograms (Fig. 3) 
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This study indicates that the major tomato SOD components are similar in response to cyanide to the superoxide dismutases isolated from spinach chloroplasts (1) and to the cytosol enzymes of eukaryotes (8) . Polyacrylamide gel electrophoresis indicates two components in the most highly purified preparation of SOD from tomatoes. If these represent two isozymes from different cellular compartments, they are both cyanide-sensitive, and similar in this respect to the Cu-Zn type of SOD. The manganese enzymes of animal mitochondria and bacteria, and the iron enzymes of bacteria are cyanide-resistant (8) . The apparent mol wt 31,500, of the purified tomato SOD was similar to the value of 32,000 found for the Cu-Zn enzymes. However, the former could be the average weight of two isozymes of different mol wt, and definitive evidence must come from future work with large scale preparations.
